We examine many SO(10) models for their viability or otherwise in explaining all the fermion masses and mixing angles. This study is carried out for both supersymmetric and nonsupersymmetric models and with minimal (10 + 126) and non-minimal (10 + 126 + 120) Higgs content. Extensive numerical fits to fermion masses and mixing are carried out in each case assuming dominance of type-II or type-I seesaw mechanism. Required scale of the B − L breaking is identified in each case. In supersymmetric case, several sets of data at the GUT scale with or without inclusion of finite supersymmetric corrections are used. All models studied provide quite good fits if the type-I seesaw mechanism dominates while many fail if the type-II seesaw dominates. This can be traced to the absence of the b-τ unification at the GUT scale in these models.
I. INTRODUCTION
Grand unified theories (GUTs) which unify strong and electroweak interactions also provide a constrained and unified description of the fermion masses and mixing angles. This is particularly true in case of theories based on the SO(10) group [1] . All the known fermions plus the right handed (RH) neutrino of a given generation are unified into a single spinorial 16-dimensional representation of the group. As a consequence, in a renormalizable theories of this type only three Yukawa coupling matrices Y 10 , Y 126 , Y 120 and relative strengths between them determine six physical mass matrices M f with f = u, d, l denoting quarks and the charged leptons, f = D corresponding to the Dirac mass matrix for neutrinos and f = L, R denoting the corresponding Majorana mass matrices for the left handed and right handed neutrinos respectively. The labels 10, 126, 120 correspond to three possible Higgs representations contained in the product 16×16. The presence of all these Higgs fields is not necessary and more economical and allowed possibility is to choose only two of them namely, 10 and 126. The consistent SO(10) breaking needs additional Higgs representations -210 or 210 + 54 -in case of supersymmetric theories [2] and 45 in case of the non-supersymmetric SO(10) model.
The minimal supersymmetric SO(10) model with Higgs fields transforming as 10, 126 + 126, 210 has limited numbers of free parameters and is explored in all its details [3] [4] [5] [6] [7] . Detailed analysis of fermion spectrum is also presented in case of the non-minimal supersymmetric model containing an additional Higgs field in the 120 representation of SO(10) [8] [9] [10] [11] [12] [13] [14] [15] . Similar analysis in case of non-supersymmetric SO(10) model is not done and the main purpose of the present paper is to provide such an analysis although we also give a comprehensive discussion of various numerical fits in the supersymmetric models.
The non-supersymmetric GUTs do not have built-in explanation of the gauge hierarchy problem but they do share several nice features of the supersymmetric models and avoid some of the problems associated with the latter. They allow gauge coupling unification [16] and can also provide dark matter candidate in the form of axion. In fact, a minimal non-supersymmetric SO(10) model has been revived in recent studies [16, 17] . Earlier discussion of gauge coupling unification in such models is given in [18] . The minimal model is more economical then the corresponding supersymmetric case as far the choice of Higgs representation is concerned and uses only three sets of Higgs fields namely 10 H , 126 H and 45 H . This choice is argued to lead to successful SO(10) model on two counts: (A) Two or three steps breaking of SO(10) to the standard model (SM) is possible through the vacuum expectation value (vev) of 45 H and 126 H . An intermediate scale ∼ 10 11 GeV allows the gauge coupling unification. This is shown through a detailed analysis using two loop renormalization group equations [16] . The presence of intermediate scales is also welcome from the point of view of explaining neutrino masses. This is unlike the minimal supersymmetric model where an intermediate scale required for neutrino masses spoils the gauge coupling unification. (B) The minimal model is argued [17] to be complete to the extent that the required pattern of the Higgs vacuum expectation values for the gauge symmetry breaking and gauge coupling unification can emerge from the minimization of the 1-loop corrected Higgs potential.
The fermion masses in the minimal supersymmetric or non-supersymmetric models arise from the following terms 16 F (Y 10 10 H + Y 126 126 H )16 F
The above terms represent a part of the superpotential in the supersymmetric case. In the non-supersymmetric version, one would need additional Peccei-Quinn like symmetry and the above terms would then represent the most general allowed fermion mass terms in the model. Two important features of eq.
(1) are the following.
1. If the contribution of Y 10 to the masses of the third generation dominates then one gets the b-τ unification
This can lead to large atmospheric mixing if neutrinos obtain their masses from the type-II seesaw mechanism [3] .
2. Non-leading contribution to the second generation masses coming from 126 H imply a relation m µ = 3m s
between the muon and the strange quark masses.
Both these relations are regarded as successful classical predictions of GUTs like SO (10) [1] or SU(5) a la Georgi-Jarlskog [20] . They are supposed to hold at the grand unification scale M X . The available experimental information does not quite agree with these generic predictions at the quantitative level. Extrapolation of the quark masses at the GUT scale in the non-supersymmetric theories do not show b-τ unification. In supersymmetric theories, the evolved values of the Yukawa couplings depend on tan β and it is found that eq.(2) holds only at some special values of tan β. Moreover, the presence of supersymmetry breaking around weak scale introduces additional finite tan β and sparticle mass-dependent corrections which need to be included in extrapolation. Eq.(3) also gets violated in a large parameter space at M X in these theories. Several existing analysis of fermion masses in supersymmetric models [4-6, 9-11, 15] are based on simple and somewhat old extrapolation of fermion masses presented in [21] which does not include finite threshold corrections. As far as the non-supersymmetric theories are concerned there has not been any exhaustive confrontation of the extrapolated values [22] of fermion masses and mixing with the simple SO(10) based models. Motivated by this, we address three main issues in this paper.
(1) We update the existing analysis of fermion spectrum in various supersymmetric models using the recent extrapolation of fermion masses and mixing at the GUT scale [23, 24] . (2) We provide new fitting of the fermion spectrum in various non-supersymmetric models and (3) try to understand the fitted structure of fermion mass matrices in terms of simple patterns. This provides hint into possible flavour structure of fermion spectrum and possible origin of large leptonic mixing angles.
We begin by giving an overview of the existing analysis of fermion masses and mixing. Then we discuss our fits in supersymmetric models. Here we consider both the minimal and the non-minimal models. Similar analysis is then carried out in Section IV in the non-supersymmetric case using the input from [22] . The analysis in these two sections demonstrates the viability or otherwise of various SO(10) models from the point of obtaining correct fermion spectrum. In addition, it leads to very interesting structure for fermion mass matrices which can be a starting point to uncover the underlying flavour symmetries. We identify such structures in Section V and present a summary of all the new results of our analysis in Section VI.
II. OVERVIEW
Masses of fermions belonging to 16- 
where (G) H, F are complex (anti)symmetric matrices. r, s, t l , t u , t D , r L , r R are dimensionless complex parameters of which r, r L , r R can be chosen real without lose of generality. The effective neutrino mass matrix for three light neutrinos resulting after the seesaw mechanism can be written as
Eqs. (5, 6) describe the most general mass matrices in any renormalizable SO(10) models and contain a large number of parameters to be of use. Therefore various special cases are considered in the literature and we summarize them below.
A. Minimal Supersymmetric Model
This model is characterized by the absence of 120 H and hence G in eq. (5) . H can be diagonalized with real and positive eigenvalues by rotating the original 16-plets in the generation space. Hence all the mass matrices are determined by 19 real parameters if only type-II or type-I seesaw dominates. These parameters are determined using 18 observable quantities. In spite of the number of observables being less than the parameters, not all observables can be fitted with required precision due to non-linear nature of eq.(5). Eqs.(5) (with G = 0) are fitted to the observed fermion parameters in various papers [4] [5] [6] . The most general minimization is performed by Bertolini et al [4] allowing for arbitrary combination of both the type-I and II seesaw contributions to neutrino masses. The input values for quark and the charged lepton masses used in this analysis is taken from [21] and correspond to tan β = 10. The best fits are obtained in a mixed scenario, type-I gives slightly worse and type-II scenario is unable to reproduce all the observables within 1σ. If type-II seesaw dominates then one needs b-τ unification at the GUT scale in order to reproduce large atmospheric mixing angle. In contrast, the extrapolated values used in the analysis do not show complete b-τ unification. This results in a poor fit to the atmospheric mixing angle at the minimum. Threshold effects can play important role in achieving the b-τ unification and improves the fit to fermion masses compared to analysis in [6] as we shall see.
B. Non-minimal supersymmetric model
The other case extensively discussed in the literature corresponds to adding a 120-plet of Higgs to the minimal model. Fermion masses in models in this category have been analyzed either assuming type-I [9] [10] [11] 14] or type-II [8, 9, 12, 13, 15] seesaw dominance. In this case, the most general model assuming type-II (type-I) dominance has 29 (31) independent parameters after rotating to basis with a real and diagonal diagonal H. One needs to make additional assumptions in order to reduce the parameter space. Considerable reduction in number of parameters is achieved assuming parity symmetry [13] or equivalently spontaneous CP violation [11] . This leads to Hermitian Dirac mass matrices. In our notation, this corresponds to taking all the parameters in eq.(5) to be real, see [9, 11] for details. Such a model has only 17 parameters in case of the type-II dominance, two less than in case of the minimal model without G but with arbitrary complex parameters. Number of parameters can be further reduced by imposing additional discrete symmetry; Z 2 [10] or µ-τ [9] are considered in this context. In spite of the reduction in number of parameters the allowed fermionic structure is analytically argued [12, 13] to help in reducing tension in obtaining correct CP violating phase or fitting the first generation masses.
Numerical fits depend on whether type-II or type-I seesaw mechanism is used. Comparison of various models in case of the type-II seesaw dominance is made in [15] . All the models in this category give a very good fit to data with a significantly lower χ 2 than in case of the minimal model. The assumption of the type-I dominance leads to better fits compared to the type-II case. Moreover, unlike the type-II dominance, one does not need intermediate scale [9] [10] [11] 14] for reproducing the correct neutrino mass scale. This is a welcome feature from the point of view of obtaining the gauge coupling unification. All these works are based on the use of quark masses derived in [21] at tan β = 10. We shall re-examine the non-minimal model with a different set of input which include the finite threshold corrections.
C. Non-supersymmetric SO(10) models
One common feature of all fits with type-II seesaw dominated scenarios is the need for an intermediate scale M I ∼ 10 12 − 10 14 GeV. This spoils the gauge coupling unification in supersymmetric theories. In contrast, an intermediate scale in non-supersymmetric framework helps in achieving the gauge coupling unification. But unlike the supersymmetric case, the non-supersymmetric models do not show the b-τ unification and thus type-II models in this category do not immediately explain the large atmospheric neutrino mixing angles. Viability of this scenario can be checked through detailed numerical fits. Unlike the SUSY case, there is no systematic and complete three generation analysis of fermion masses within non-supersymmetric models. Various issues involved are summarized in a recent paper [26] which contains analytic discussion of the simplified two generation case. 
The most general Yukawa couplings allowed by this symmetry once again reduce to eq.(5). Thus formally both supersymmetric and non-supersymmetric cases look alike. But there is an important difference. The renormalization group running of the Yukawa couplings is different in these two cases. Moreover the non-supersymmetric case has intermediate scales.
Thus input values and consequently the resulting fits would be quite different in these two cases.
III. FERMION MASSES IN SUPERSYMMETRIC THEORIES: NUMERICAL

ANALYSIS
In this section, we present the numerical analysis of fermion masses and mixing in different supersymmetric cases. We use the data in Table(I) and define the following χ 2 function
where the sum i = 1, .., 14 runs over seven mass ratios and four quark mixing parameters (given in Table(I)), ratio of the solar to atmospheric mass squared differences and the solar (θ l 12 ) plus the atmospheric (θ l 23 ) mixing angles [27] . For the latter we use the values given in [28] . These data are fitted by numerically minimizing the function χ 2 . We assume ∆m 2 atm to be positive corresponding to the normal neutrino mass hierarchy. We also impose the 3σ upper bound on θ 13 while minimizing the χ 2 . P i denote the theoretical values of observables determined by the input expression, eq. (5) and O i are the experimental values extrapolated to the GUT scale. σ i denote the errors in O i .
A. Minimal Supersymmetric model
Our input values of the quark masses and mixing angles at the GUT scale are based on the analysis in [23] . This uses more precise values of the b and t quark masses and the CKM parameters. More importantly, finite threshold corrections induced by sparticles are included in this analysis. Analysis in [23] proceeds in two steps. First, the quark masses and mixing angles are determined by fitting the available low energy data and evolving them to the supersymmetry braking scale M S . In the second step, finite sparticle induced corrections are included and then evolution is performed up to the GUT scale M X . These corrections are expressed in terms of phenomenological parameters γ d,b,u,t defined below. We reproduce their table of values so obtained as give significant corrections to the tree level values for large tan β and should be included in evolving fermion masses and mixing from low energy scale to the M X . The corrected down quark matrix is parameterized in [23, 29] by
where U d L,R and V CKM are the (diagonal) down quark mass and the CKM matrix before the radiative corrections. The loops involving down squark-gaugino generate the second term and the loop with up squark-chargino generate the second term. Γ d,u are diagonal in the approximation of taking diagonal squark masses in the basis with diagonal quarks. Assuming equality of the first two generation squark masses, the diagonal elements
correct the down quark masses and Γ u = (γ u , γ u , γ t ) correct the CKM matrix in addition. The SUSY threshold corrections are included through these parameters and their best fit values corresponding to three classical GUT predictions namely eq. (2) . The neutrino masses and mixing that we use are the updated low scale values [28] but the effects of the evolution to M GU T on the ratio of the solar to atmospheric mass scale and on the mixing angles are known to be small for the normal hierarchical spectrum that we obtain here.
We now discuss detailed fits to fermion masses and mixing based on the input values in Table(I) . We assume that either the type-I or the type-II seesaw term in the neutrino mass matrix dominates and carry out analysis separately in each of these two cases. We can rewrite eq(5) as follows.
We have chosen the basis with a diagonal M l and introducedM
Hence all the quantities in the bracket in the above equation depend on the known ratios of charged lepton masses.M d is a complex symmetric matrix with 12 real parameters. Since we are fitting the ratios of different mass eigenvalues and mixing angles, the parameter r remains free and it can be fixed by m t . r L (r R ) in the case of type-II (type-I) seesaw dominance is determined from the atmospheric mass scale. We have total 14 real parameters (12 inM d and complex s) which are fitted over 14 observables. Four unknown observables in lepton sector (θ l 13 and three CP violating phases) get determined at the minimum. Results of numerical analysis carried out separately for the type-II and the type-I dominated seesaw mechanisms are shown in Table(II) and Table( • The best fit in the type-II case is obtained at low tan β = 1.3 . This case has b-τ unification and threshold corrections are not very significant. On the other hand, cases B, C, D with relatively large tan β but without inclusion of threshold correction give quite bad fit. There is a clear correlation between the overall fit and the presence or absence of the b-τ unification in type-II models. Cases corresponding to the absence of the b-τ unification cannot reproduce the atmospheric mixing angle and results in relatively poor fits. Inclusion of threshold corrections improves the fit but still m d ms and the atmospheric mixing angle cannot be reproduced within 1σ. The fit for tan β = 10 obtained here with inputs from [23, 28] is poor compared to the corresponding fit presented in [6] which uses input from [21] . Compared to data in [21] , the result from [23] display larger deviation from the b-τ unification and also errors in more recent input that we use for sin • In contrast to the type-II case, the fits obtained in type-I case are uniformly better.
Here one does not expect correlation between the atmospheric mixing angle and b-τ unification. Thus the cases B, C, D with large tan β also give quite good fits. Even in these cases (except D) main contribution to χ 2 comes from the pull in the atmospheric mixing angle. Threshold corrections are significant for large tan β and specific cases C1, C2 achieve b-τ unification but the overall fit worsens compared to B, C, D. Unlike in the type-II case, the χ 2 value obtained here for tan β = 10 is comparable to the corresponding value in [6] .
• We have fixed the overall scale of neutrino mass r L (r R ) in the case of type-II (type-I) seesaw by using the atmospheric scale as normalization. The resulting values are displayed in Table(II, III) . r L (r R ) arise from the vev of the components of 126 H transforming as (3, 1,
In particular, (1, 3, −2) 126 H sets the scale of the B − L breaking and is directly determined from the fits to fermion masses in the type-I scenario. From eq. (9),
where s m gives the mixing of the light H d in the doublet part of 126 H and v ≈ 174 GeV. r R is roughly independent of the input data set and for the value r R ≈ 2.6 × 10 −10 m τ /m 2 t GeV, eq. (10) gives
Thus the B − L breaking scale in the type-I seesaw can be close to the GUT scale for s m cos β ∼ O(1). It would however be significantly lower for large values of tan β and would conflict with the constraints from the gauge coupling unification. The determination of the B − L breaking scale in the type-II dominated scenario is dependent on the details of the superpotential. Earlier [5, 6] analysis in the minimal model has shown that this scale cannot easily be lifted to the GUT scale and pauses a problem with the gauge coupling unification in the minimal scenario both for the type-I and type-II seesaw dominance [6] . Thus one does need to go beyond the minimal model and models with 120 H are possible examples. We now consider the non-minimal case obtained from eq.(5) by choosing all parameters in H, F, G as well as r, s, t u , t l , t D , r l , r R real. As before, the parameters r and r R (r L ) determine the m t and overall scale of neutrino masses in type-I (type-II) seesaw dominated scenarios. Our choice of 14 observables is the same as in the previous subsection. But they are now Results of numerical analysis carried out separately for the type-II and type-I dominated seesaw mechanisms are shown in Table(IV) and Table(V) respectively. The following remarks are in order in connection with the results presented in these tables. As discovered in earlier numerical analysis [9, 15] , the introduction of the 120 H leads to remarkable improvement in numerical fits in the type-II case. This mainly arises because the near maximality θ in cases (A, C1, C2) which have b-τ unification are even better and all the observables are fitted almost exactly in these cases. These include the low tan β inputs and cases with large tan β and threshold corrections. As the results of Table(V) show, the fits obtained assuming the type-I seesaw dominance are uniformly better compared to the corresponding type-II results and show significantly improvement over the minimal model with type-I dominance, Table(III). One important difference compared to the minimal case is the overall B − L scale determined from the neutrino masses. Unlike the minimal case, the values of r −1 R in Table(V) are strongly dependent on the input data set and in some cases are quite large although each data set appear to give very good fit to fermion masses. For example, one obtains in case (A) from eq.(10) and Table(V), (1, 3, −2) 126 H ≈ 1.5 × 10 20 s m cos β GeV Thus reproducing neutrino masses in this case would require fine tuning s m ∼ 10 −4 if the B − L breaking scale is to be close to M GU T . In contrast, in case C2 with tan β = 38, Table(V) gives (1, 3, −2) 126 H ≈ 1.8 × 10 17 s m GeV which is close to the GUT scale.
IV. FERMION MASSES IN NON-SUPERSYMMETRIC MODELS: NUMERICAL ANALYSIS
We now turn to the discussion of various non-supersymmetric models. We shall consider three different cases. The case (2) is found to be unable to fit all the fermion masses and mixing angles. The minimal case works quite well in this regards and there is no real motivation to go to the non-minimal case as far as the fermion masses are concerned. We have included this for completeness and find that this case works even better than the minimal case.
The minimal scenario containing the Higgs representations 45
The SO(10) breaking [17] and the gauge coupling unification [16] with intermediate scale has been reanalyzed recently following earlier works [18, 19] . The minimal case is argued to be adequate in achieving both the gauge coupling unification and breaking of SO(10) to the SM through an intermediate scale. The exact value of the required intermediate scale depend on the chain of the SO(10) breaking and various cases are given in [16] . The 45 H field contains components transforming as (15,1,1) and (1,1,3) under the Pati-Salam group SU(4) × SU(2) L × SU(2) R . They allow SO(10) braking to SU(3)
At the tree level, only SU(5) intermediate stage is shown to lead to consistent spectra without tachyons [19] but this chain does not preserve the gauge coupling unification. As discussed in [17] turning on 1-loop corrections also allows the other two breaking chains which preserve gauge coupling unification. The final breaking to SM can be achieved by the (1,1,3 A non-supersymmetric SO(10) model with 10 and 126 Higgs fields together with U(1) P Q symmetry has the same Yukawa interactions as the minimal SUSY SO(10), eq. (5) with G = 0. Minimization is performed based on the input values of the charged fermion masses obtained by running quark and lepton masses up to the GUT scale with m H =140 GeV [22] . We use the updated low energy values of quark mixing angles, CP phase and neutrino parameters since the effect of RG is known to be negligible for hierarchical neutrino spectrum. We reproduce all the input values in Table(VI) for convenience. As before, we take M d and M l as independent and express the remaining matrices in terms of them and r, s as in eq. (9) . Since the masses of the charged leptons are known precisely, we go to the basis with a diagonal M l and use them as fixed input. Thus we have 15 real parameters (12 in M d , complex s and real r) which determine remaining 13 observables shown in Table (VI) . The χ 2 function is defined in terms of these parameters.
Results of numerical analysis carried out separately for type-I and type-II dominated seesaw mechanisms are shown in Table(VII) . Parameters obtained for the best fit solutions are shown in Appendix A. It is evident that the type-II mechanism fails completely in reproducing the spectrum. Once again this is linked to the complete absence of the b-τ unification in non-supersymmetric theories. Neither the atmospheric mixing nor the b quark mass can be reproduced correctly in this fit. In contrast, the type-I seesaw works quite well. In fact, the quality of fit in this case is much better than the minimal supersymmetric model with type-I seesaw, Table (III). As before the r R gets determined from the atmospheric neutrino mass scale. Assuming, that only one standard model survives at the electroweak scale one has, r R in Table (VII) gives
Unlike the supersymmetric model, one would like to have this scale at an intermediate value 10 11 GeV [16] in order to achieve the gauge coupling unification. This will require substantial fine tuning. The exact value of the required intermediate scale for the gauge coupling unification would depend on threshold effects not included in the analysis in [16] . This would need a detailed study of the scalar potential minimization and the scalar sector of the theory.
The leptonic parameters θ 13 and three CP violating phases α 1,2 and δ M N S get fixed at the minimum and are shown in Table(VII) . The firm predictions on these observables in the scheme can be obtained by checking the variation of χ 2 with the values of various observables. Following, [9, 11] , we pin down a specific value p 0 of an observable P by adding a term
to χ 2 and then minimizingχ 2 ≡ χ 2 + χ 2 P . If P happens to be one of the observables used in defining χ 2 , then its contribution is removed from there. Artificially introduced small error fixes the value p 0 for P at the minimum of theχ 2 . We then look at the variation of are displayed in Fig.1 We now consider an alternative model obtained by replacing 10 H with 120 H in the minimal model discussed before. This model is argued to be quite attractive and predictive when restricted to the second and the third generations [26] . It is thus interesting to see if the model works in more realistic case with three generations which require explanation of several new parameters.
The fermion mass relations in this model are given by eq. (5) with H = 0. F can be made real diagonal without loss of generality. M l is not diagonal and the charged lepton masses are included in the χ 2 function (8) unlike the previous case of the minimal model where they were set as input. Since the errors in the charged lepton masses are extremely small, the numerical optimization algorithm we use is unable to converge to the solution in finite time. Thus we set 10% error in charged lepton masses and minimize the χ 2 with respect to 16 (3 in F , 6 in G, real s and complex t l , t u , t D ) real parameters.
Results of numerical analysis carried out separately for type-I and type-II dominated seesaw scenarios are shown in Table(VIII) . The detailed fits are quite different in two cases showing that a simple proportionality of the type-II and type-I contribution observed in the two generation study [26] does not hold in general. The model fails badly in reproducing the fermion mass spectrum in either case. Analytic study of the two generations lead in the model to a relation m τ ≈ 3m b . This is born out in the detailed numerical study with three generations as well. But this relation becomes one of the causes of the failure of the model as is clearly seen in the Table (VIII) . Likewise, the numerical fits lead to nearly vanishing solar scale at the minimum in the type-II case. This becomes an added cause of very poor fits. It appears from the results that the renormalizable model with 45 + 120 + 126 Higgs fields is not a good candidate to obtain even fermion mass spectrum in spite of its attractiveness at the two generation level [26] .
C. Numerical Analysis: Model with 10 + 126 + 120 Higgs fields.
As before, we consider the case with Hermitian (Dirac) mass matrices. The mass relations are same as in eq. (5) with all parameters real. We have chosen the basis with a diagonal H. M l is not diagonal in this basis and we parameterize it as M l = U l D l U † l with U l being a general unitary matrix expressed in terms of three angles and six phases and D l is a diagonal matrix for the charged lepton masses. One can rewrite M l in eq. (5) as
Since F and G are real, the real and imaginary parts of the RHS separately determine F and t l G in terms of the charged lepton masses and parameters of H and U l which are put back in eq.(5). The remaining fermion mass matrices can be expressed in terms of 17 (3 in H, 9 in U l , real r, s, t l , t u , t D ) real parameters in the case of type-I seesaw dominance which determine 16 observables P i shown in Table(VI) . One parameter t D becomes irrelevant for the type-II seesaw case. We do the numerical analysis for this case and results are shown in Table(IX) . 
V. NUMERICAL ANALYSIS AND UNDERLYING FLAVOUR STRUCTURE
Numerical analysis presented in the previous section has demonstrated viability of various SO(10) models in explaining the fermion masses and mixing. In the process, it has also provided us with specific structure of fermion mass matrices which can be used to obtain some insight into the underlying flavour structure. We discuss one specific case namely, the minimal non-supersymmetric model from this point of view.
At the SO(10) level, Yukawa couplings H, F, G determine the flavour structure of various mass matrices. Thus any underlying flavour symmetry if it exists should get reflected in the structure of these matrices. Specific structures for the Yukawa coupling matrices have been used to predict relations between the (hierarchical) quark masses and (small) quark mixing, see for example [23, 30, 31] . In a large class of such models, the observed masses and mixing patterns among quarks are reproduced when elements of the quark mass matrices are expressed as powers of one or two expansion parameters. Following this, we try to look for a similar parameterization for the underlying matrices F, H in case of the minimal nonsupersymmetric model. We choose the Cabibbo angle λ = 0.2246 as a convenient parameter. Elements of F and H in this case are then found to have the following hierarchical structure in the basis with a diagonal M l :
33 element turns out to be largest both for F and H and we have normalized other elements by its value in writing the above structure. Most coefficients in powers of λ are roughly O(1) except for the 22 elements.
The above structure determined numerically here is suggestive of an underlying U(1) symmetry used [32] in the Froggatt Nielsen (FG) approach. Indeed a simple U(1) can explain the occurrence of various powers of λ in eq. (14) . Consider a U(1) symmetry with the U(1) charges 2, 1, 0 assigned respectively to three generations of 16 F -plet. Both , M being some underlying scale above the U(1) breaking scale η and η is assumed to carry the U(1) charge −1. The quark mass matrices resulting from the above F, H also follow this simple pattern as in eq. (14):
This structure is already proposed and studied in [31] as a possible explanation of quark and neutrino mixing and masses. Here it follows from a detailed analysis of this specific SO(10) model. As shown in [31] , such a form can reproduce the observed mixing and mass patterns for quarks. The expansion parameter chosen in [31] is somewhat larger, λ = 0.26. The Dirac neutrino mass matrix on the other hand is given by
The coefficients in front of various elements are anomalously small and thus M D does not really share the same symmetry as the underlying Yukawa matrices. The M D and M R ∼ F conspire to produce a neutrino mass matrix which has an interesting form
1.062e
1.753e 1.529i λ 1.062e
Since we are working in a basis with a diagonal M l , the above matrix determines physical neutrino mixing and allows us to understand the leptonic mixing structure analytically. Firstly, the 23 block has all elements of O(1) which results in the large atmospheric angle and hierarchy in neutrino masses. Secondly, the 11 and 12 elements are zero to leading order in λ. In the approximation of neglecting higher powers of λ, the M ν has two-zero texture (classified as A1 in [33] ). The presence of the zeros leads to a firm prediction of the third mixing angle [33] .
This analytic relation is in very good agreement with the numerical values. Evaluation of the RHS using the best fit values of parameters in Table( VII ) leads to sin 2 θ l 13 ≈ 0.0245 in agreement with the numerical prediction. Even away from the minimum χ 2 , one would get sin 2 θ l 13 around 0.02 as long as two zero structure and hence eq. (17) holds approximately. This is born out quite well in Figure 2 .
The simple U(1) symmetry used to explain the structure of F, H may appear to have two shortcomings. Firstly, the specific structures are found in a basis with a diagonal M l Secondly, the coefficients of powers of λ in F, H are not strictly O(1), notably in the 22 elements. In general, the definition of symmetry and resulting texture of Yukawa matrices are basis dependent. Basis with a diagonal M l are very special basis and it would be more desirable to find a basis in which M l also has a structure similar to the F, H, M d , M u . One can indeed find a class of unitary rotations which bring the diagonal M l to the form as in eq. (14) and at the same time retain the forms of F, H albeit with a different set of coefficients.
The U(1) symmetry leads to the following general form of the Yukawa matrices: 
The eigenvalues of F, H are O(1, λ 2 , λ 4 ). The eigenvalues of M l are roughly of similar order-though the coefficient for the electron mass is somewhat small. Thus M l can be put to the form as in (14) by rotating the diagonal M l with a rotation matrix V l with angles as in eq.(19) but with a different set of coefficients a Unlike in eq. (14), all the cofficients of various elementsin the above equation are now O(1).
M l is non-diagonal in this basis and is given by
We note that the Yukawa coupling matrices in cases other than the minimal also display hierarchical structure, see results in Appendix (B). Thus these cases can also be understood in terms of some simple pattern as in the minimal case discussed here explicitly.
VI. SUMMARY SO(10) models have been used to obtain a unified description of fermion masses and mixing angles. We have undertaken in this paper an exhaustive analysis of many different SO(10) models. Using several different data sets as input, we have numerically determined viability of these models in reproducing the fermion spectrum. In case of the supersymmetric models, we used data corresponding to different values of tan β and with or without appreciable finite threshold correction. Comparison of different set clearly brings out an important feature. In the minimal model with type-II seesaw dominance, the b-τ unification appears to be a key ingredient. The cases without such unification cannot explain the entire fermion spectrum. In particular, the case of very low tan β showing this unification works much better than the previously studied data set with tan β = 10. This connection is not required if neutrinos obtain their masses from the type-I seesaw mechanism. In this case one can obtain very good fits in the minimal model almost for every data set used, see Tabel(III). Moreover, the B − L breaking scale inferred from neutrino masses also lies closer to the GUT scale compared to the type-II seesaw mechanism. The situation becomes better when a 120-plet of Higgs field is added to the model. Here one can get excellent fits to fermion masses in both the type-I and type-II seesaw mechanisms.
We also carried out a detailed analysis of the fermion masses in non-supersymmetric models. The minimal non-supersymmetric model with 45 H + 10 H + 126 H is quite economical and is argued recently [16, 17] to be a viable candidate for the gauge coupling unification. As shown here it also provides a very good description of fermion masses as well. Intermediate scale ∼ 10 11 GeV is required in this model in order to obtain the unification of gauge coupling [16] . The scale preferred from the fits to fermion masses presented here is somewhat larger. This scale can be reduced if the admixture of the light doublet in the doublet component of 126 H is very small, see eq. (12) . Viability of these as well as simultaneous analysis of the constraint from the gauge coupling unification will depend on the detailed analysis of the scalar sector of the theory. The Yukawa coupling matrices obtained numerically in this case display interesting structure which can be understood from a very simple symmetry imposed at a high scale. These features coupled with its economy makes the minimal non supersymmetric model an attractive choice to unify basic gauge and Yukawa interactions.
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VII. APPENDIX
We list here the fermion mass matrices using the best fit values of the parameters given in Table VII (Table IX) corresponding to the type-I seesaw mechanism in the case of minimal (non-minimal) non-supersymmetric SO(10) model. All the mass matrices are expressed in GeV units.
A. Best fit parameter values: The minimal nonsusy SO(10) model, type-I seesaw mechanism (Table VII) .
Parameters obtained for best fit solution. (Table IX) .
Parameters obtained for best fit solution. 
